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Abstract: The hydroxyl radical concentration in the stratosphere 

has been studied spectroscopically through observations of the 

ultraviolet multiple rotational lines in the A C-X I I (0 ,O)  2 2 '  

vibrational band of OH (Torr et al., 1 9 8 7 ) .  In order to infer 

the atmospheric distribution of OH, we have calculated the 

emission rate factors for selected rotational lines in the (0,O) 

band of the A E-X II electronic transition at wavelengths between 2 2  

3 0 7 6  A and 3086 A .  In our calculations we have used the Einstein 

coefficients, line strengths, lower level energy and line 

positions of Goldman and Gillis ( 1 9 8 0 ) ;  the oscillator strength 

of Wang and Hiiang (1979) ; and the L7V flux ~f the Sc?n from t h e  

Harvard Smithsonian sounding rocket flight of May 15, 1974, (Kohl 

et al., 1 9 7 8 ) .  

INTRODUCTION 

One of the processes forming the airglow in the Earth's 

atmosphere is the resonance reradiation of ultraviolet emission 

from the Sun by atmospheric atoms and molecules. Prominent among 

the molecules producing airglow, studied spectroscopically, is 

the hydroxyl radical. The hydroxyl radical, OH, is a very 

reactive species which controls many of the chemical processes in 

the atmosphere. For example, in the stratosphere OH plays a 

dominant role in moderating the destruction of ozone by 

partitioning of the odd-nitrogen and odd-chlorine compounds. 

Thus, due to this and other photochemical reactions with OH, the 

concentration of OH in the stratosphere has always been very 

important in our understanding of the region. 



1 

, 

3 
1 

Data on  OH c o n c e n t r a t i o n  i n  t h e  s t r a t o s p h e r e  are scarce. 

Measurements  of OH are d i f f i c u l t  t o  a c q u i r e  s i n c e  s p e c t r a l  l i n e s  

of OH are h a r d  t o  de tec t  above  t h e  R a y l e i g h  sca t te red  s u n l i g h t  

b a c k g r o u n d .  Measurements  of  t h e  column c o n t e n t  o f  OH h a v e  been 

made f rom t h e  g round  i n  a b s o r a t i o n  u s i n g  h i g h  r e s o l u t i o n  

i n t e r f e r o m e t r y  ( B u r n e t t  and B u r n e t t ,  1981;  1 3 8 4 ) .  A l s o ,  Anderson  

( 1 3 7 6 )  h a s  measu red  OH column c o n t e n t  by u s i n g  a n  i n  s i t u  

r e s o n a n c e  f l u o r e s c e n c e  t e c h n i q u e  from 29 km t o  4 3  km. 

c o n c e n t r a t i o n  h a s  b e e n  measured  by u s i n g  a b a l l o o n - b o r n e  LIDAR- 

i n d u c e d  f l u o r e s c e n c e  e x p e r i m e n t  (Heaps  and  McGee, 1 9 8 5 ) .  And 

r e c e n t l y ,  T o r r  e t  a l .  ( 1 3 8 7 )  have liieasured t h e  OH c D n c e n t r a t i o n  

u s i n g  a h i g h  s p e c t r a l - r e s o l u t i o n ,  imag ing ,  u l t r a v i o l e t  

spectrometer o f  a l o w  l i g h t - s c a t t e r i n g  d e s i g n  t o  observe m u l t i p l e  

r o t a t i o n a l  l i n e s  o f  t h e  OH A 1-X I t ( 0 , O )  v i b r a t i o n a l  band  f rom a 

The OH 

2 2  

b a l l o o n .  

I n  t h i s  p a p e r  w e  r e p o r t  t h e  r e s u l t s  of  a new c a l c u l a t i o n  o f  

t h e  e m i s s i o n - r a t e  f ac to r s  ( a l s o  known as t h e  g - f a c t o r )  f o r  t h e  

b r i g h t e s t  r o t a t i o n a l  l i n e s  i n  t h e  (0,O) band of t h e  A C-X II 2 2  

e l e c t r o n i c  t r a n s i t i o n  a t  w a v e l e n g t h s  be tween  3076 A and 3086 A .  

T h e s e  g - f a c t o r s  were u s e d  i n  t h e  d e t e r m i n a t i o n  of  t h e  OH 

c o n c e n t r a t i o n  r e p o r t e d  by Torr e t  a l .  ( 1 9 8 7 ) .  

Ander son  ( 1 9 7 1 )  c a l c u l a t e d  t h e  g - f a c t o r  f o r  t h e  e n t i r e  

OH(O,O) band by summing t h e  i n d i v i d u a l  r o t a t i o n a l  l i n e  g- 

f a c t o r s .  However, Anderson  ( 1 9 7 1 )  d i d  n o t  r e p o r t  t h e  i n d i v i d u a l  

r o t a t i o n a l  l i n e  g - f a c t o r s .  A s  s t a t e d  a b o v e ,  w e  h a v e  o n l y  

c a l c u l a t e d  g - f a c t o r s  f o r  c e r t a i n  r o t a t i o n a l  l i n e s  i n  t h e  OH(O,O) 

b a n d ,  n o t  t h e  e n t i r e  band .  O u r  c a l c u l a t i o n s  h a v e  been  improved 
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o v e r  A n d e r s o n ' s  ( 1 9 7 1 )  by u s i n g  an  improved o s c i l l a t o r  s t r e n g t h  

v a l u e  (Wang and  Huang, 1 9 8 0 )  and t h e  H a r v a r d  S m i t h s o n i a n  s o l a r  

s p e c t r u m  d a t a  ( K o h l  e t  a l . ,  1 3 7 8 ) .  

THEORY 

C h a m b e r l a i n  ( 1 9 6 1 )  deve loped  t h e  t h e o r y  of r e s o n a n c e  

s c a t t e r i n g  and  f l u o r e s c e n c e  f o r  a n  o p t i c a l l y  t h i n  l a y e r .  H e  

e x p r e s s e d  t h e  e m i s s i o n  ra te  of a s p e c i f i c  v i b r a t i o n a l  band 

t r a n s i t i o n  i n  terms of  t h e  e m i s s i o n  r a t e  f a c t o r  or  s i m p l y  t h e  g- 

f ac to r .  The e m i s s i o n  r a t e  is w r i t t e n  as 

where  4n I v l v I  I is t h e  e m i s s i o n  r a t e  ( p h o t o n s  

g W , , , '  

p e r  m o l e c u l e  i n  t h e  t r a n s i t i o n  be tween t h e  t w o  v i b r a t i o n a l  l e v e l s  

of v '  and  v '  ' ; No is t h e  number of m o l e c u l e s  i n  t h e  column b e i n g  

o b s e r v e d  ( m o l e c u l e  ; and IJ = C O S e ,  where  8 is t h e  a n g l e  of  

emergence  of t h e  s c a t t e r e d  pho ton .  The v '  d e n o t e s  t h e  

v i b r a t i o n a l  l e v e l  o f  t h e  u p p e r  e l e c t r o n i c  s t a t e  and  w "  the  

lower. The m o l e c u l e  column d e n s i t y  h a s  t h e  s u b s c r i p t  o t o  

i n d i c a t e  t h e  m o l e c u l e s  are i n  t h e  lowest v i b r a t i o n a l  l e v e l  of  t h e  

g r o u n d  s t a t e .  

sec- l ) ;  

is t h e  g - f a c t o r ,  t h e  number o f  p h o t o n s  e m i t t e d  p e r  s e c o n d  

The g - f a c t o r  be tween  two v i b r a t i o n a l  l e v e l s  of a m o l e c u l e  is 

d e f i n e d  as 
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where IIFov, is t h e  s o l a r  f l u x  ( p h o t o n s  cm-2 sec-' A - ' ) ;  

is t h e  w a v e l e n g t h  of  t h e  [ n e  / m c  I is t h e  e l e c t r o n  r a d i u s ;  X o u l  

t r a n s i t i o n  ( A ) ;  f is t h e  band o s c i l l a t o r  s t r e n g t h  o v '  

( d i m e n s i o n l e s s )  ; and A v l  I ' A v  is t h e  a l b e d o  a f o r  s i n g l e -  

s c a t t e r i n g  of  t h e  f l u o r e s c e n t  band, where A v l V l ,  is t h e  E i n s t e i n  

t r a n s i t i o n  p r o b a b i l i t y .  The  g - f a c t o r  and  t h e  a l b e d o  a r e  w r i t t e n  

w i t h  t h e  s u b s c r i p t s  v ' u "  which d e n o t e s  t h e y  are  i n  t h e  

f l u o r e s c e n t  band o f  e m i s s i o n  whereas  ou' on t h e  solar  f l u x ,  

2 2  

o s c i l l a t o r  s t r e n g t h  a id  wave leng th  indicates t h e  absor~tinn band 

f rom t h e  lowest v i b r a t i o n a l  l eve l  of  t h e  g round  e l e c t r o n i c  s t a t e .  

I n  t h i s  a p p r o x i m a t i o n  v a r i o u s  v i b r a t i o n a l  bands  a r e  

c o n s i d e r e d  as  i n d i v i d u a l  u n i t s ,  w i t h o u t  r e f e r e n c e  t o  t h e  d e t a i l e d  

r o t a t i o n a l  s t r u c t u r e  of t h e  bands.  P e a r c e  ( 1 9 6 9 )  d e v e l o p e d  a 
2 2  more c o m p l e t e  model  of t h e  A 1-X ll e l e c t r o n i c  t r a n s i t i o n  t o  

c a l c u l a t e  g - f a c t o r s  by c o n s i d e r i n g  e a c h  v i b r a t i o n a l  band a s  

c o n s i s t i n g  of  t w e l v e  r o t a t i o n a l  b r a n c h e s .  He d e v e l o p e d  a f o r m u l a  

t o  c a l c u l a t e  t h e  i n d i v i d u a l  r o t a t i o n a l - l i n e  g - f a c t o r .  

CALCULATION OF THE EMISSION RATE FACTOR (g-FACTOR) 

The UV bands  o f  OH are  formed i n  e m i s s i o n  f rom t h e  
2 2  A E-X I[ e l e c t r o n i c  t r a n s i t i o n ,  where e a c h  v i b r a t i o n a l  band 

c o n s i s t s  of  t w e l v e  r o t a t i o n a l  b r a n c h e s  (see F i g u r e  1 ) .  F o l l o w i n g  

P e a r c e  ( 1 9 6 9 )  and  making we l l - founded  a s s u m p t i o n s ,  w e  wr i t e  t h e  

g - f a c t o r  f o r  a g i v e n  r o t a t i o n  l i n e  of OH(0,O) 



S ( J r B )  N ( w , J , i [ B ] , B ) )  
2 J ' ( B ) + 1  

A (  v 1 ,  vo, JO ,BO 1 cococo v J B  
( 3 )  

where e is t h e  r o t a t i o n a l  t e m p e r a t u r e  (K), J is t h e  t o t a l  a n g u l a r  

momentum quantum number,  B is t h e  r o t a t i o n a l  b r a n c h  i n d e x ,  S is 

t h e  r o t a t i o n 1  l i n e  s t r e n g t h ,  N is t h e  u n i t y - n o r m a l i z e d  p o p u l a t i o n  

d e n s i t y  for  a g i v e n  s t a t e ,  and i is t h e  g round  s t a t e  d o u b l e t  

i n d e x .  An unprimed q u a n t i t y  r e f e r s  t o  t h e  g round  s t a t e  b e f o r e  

a b s o r p t i o n ,  a p r imed  q u a n t i t y  t o  t h e  e x c i t e d  s t a t e ,  and a d o u b l y  

pr imed q u a n t i t y  t o  t h e  g round  s t a t e  a f t e r  r e r a d i a t i o n .  

I t  is assumed t h a t  t h e  p o p u l a t i o n s  w i t h i n  t h e  ground and 

e x c i t e d  e l e c t r o n i c  s t a t e s  of  t h e  OH m o l e c u l e  are c o n t r o l l e d  

c o m p l e t e l y  by c o l l i s i o n s  and r a d i a t i o n  r e s p e c t i v e l y .  Also, it is 

assumed t h a t  t h e  Born-Oppenheimer a p p r o x i m a t i o n  a d e q u a t e l y  

r e p r e s e n t s  t h e  OH m o l e c u l e  of J less t h a n  a b o u t  15. F o r  t h e  

w a v e l e n g t h  r a n g e  over which  t h e  g - f a c t o r s  are c a l c u l a t e d ,  t h e  J 

v a l u e s  r a n g e  from 1 / 2  t o  1 1 / 2 .  

The u n i t y  n o r m a l i z e d  p o p u l a t i o n  d e n s i t i e s  are c a l c u l a t e d  on 

t h e  b a s i s  of t h e  Bol tzmann d i s t r i b u t i o n  s i n c e  t h e  f i r s t  e x c i t e d  

e l e c t r o n i c  s t a t e  of OH ( A  C )  is n o t  s i g n i f i c a n t l y  p o p u l a t e d  by 2 

c o l l i s i o n s  f o r  t e m p e r a t u r e s  less t h a n  a b o u t  600  K.  The 
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a s s u m p t i o n  h a s  been  made t h a t  t h e  v a r i o u s  v i b r a t i o n a l  a n d  

r o t a t i o n a l  s t a t e s  of  t h e  e l e c t r o n i c  g round  s t a t e  a re  c o n t r o l l e d  

c o m p l e t e l y  by c o l l i s i o n s .  Thus ,  the  u n i t y  n o r m a l i z e d  p o p u l a t i o n  

is 

where  E ( u , J , i [ B ] )  is t h e  e n e r g y  of t h e  lower s t a t e  e n e r g y ,  and 

Q(0) is t h e  p a r t i t i o n  f u n c t i o n :  

Q ( o )  = c c c  ( 2 J + l ) e x p { - [ h c / k 3 ]  E ( u , J , i [ B l  1 ) .  
v J i  

( 5 )  

As shown i n  F i g u r e  1, OH m o l e c u l e s  c o n s i s t  o f  t w o  s e p a r a t e  

s p e c i e s  d u r i n g  r e s o n a n c e  r e r a d i a t i o n :  those which h a v e  p o s i t i v e  

o r  n e g a t i v e  p a r i t y  i n  t h e  g round  s t a t e .  H e r z b e r g  ( 1 9 5 0 )  s t a t e s  

t h a t  t r a n s i t i o n s  c a n  o n l y  o c c u r  between s t a t e s  of  o p p o s i t e  

p a r i t y .  S i n c e  t h e  p o s i t i v e  and n e g a t i v e  p a r i t y  s t a t e s  h a v e  e q u a l  

w e i g h t s ,  it is p e r m i s s i b l e  t o  use a s i n g l e  e x p r e s s i o n  f o r  t h e  

p o p u l a t i o n s .  

The i n d i v i d u a l  s p e c t r a l - l i n e  p a r a m e t e r s  i n c l u d i n g  l i n e  

p o s i t i o n s ,  s t r e n g t h s ,  E i n s t e i n  c o e f f i c i e n t s ,  and  lower-state 

e n e r g i e s  are t a k e n  from Goldman and G i l l i s  ( 1 9 8 1 )  f o r  t h e  

t e m p e r a t u r e  0=240 K .  I n  Goldman and G i l l i s  ( 1 9 8 1 ) ,  t h e  E i n s t e i n  

s p o n t a n e o u s  e m i s s i o n  c o e f f i c i e n t s  are a b s o l u t e ,  h a v i n g  been  

n o r m a l i z e d  on t h e  b a s i s  of t h e  l i f e t i m e  measured  by German  

( 1 9 7 4 ) ,  r=(0 .688&0.007)  x ~ O - ~  s e c .  T h i s  l i f e t i m e  is €or  t h e  



a 

r o t a t i o n l e s s  OH m o l e c u l e  f o r  u'=O, K1=2, J ' = 3 / 2  quantum 

numbers .  S i n c e  C h i d s e y  and  C r o s l e y  ( 1 9 8 0 )  g i v e s  A ( u ' = O , v " = l ) /  

A ( u ' = 0 , u 1 ' = 0 ) = 0 . 0 0 4 0  and A ( u ' = 0 , ~ ' ' = 2 ) / A ( u ' = O , v " = O )  a s  

v a n i s h i n g ,  w e  have  assumed t h a t  t h e  v i b r a t i o n a l  l e v e l  v'=O m a k e s  

n e g l i g i b l e  c o n t r i b u t i o n s  t o  a l l  g r o u n d  v i b r a t i o n a l  s t a t e s  e x c e p t  

t h e  v"=O s t a t e .  T h e r e f o r e ,  t h e  summat ions  o v e r  t h e  g round  

v i b r a t i o n a l  s t a t e s  i n  e q u a t i o n s  ( 3 )  and ( 5 )  c a n  be d r o p p e d .  

The band o s c i l l a t o r  s t r e n g t h  f o r  OH(0,O) w a s  t a k e n  f rom Wang 

a n d  Huang ( 1 9 8 0 ) .  

r o t a t i o n a l  e x c i t a t i o n .  When compared t o  t h e  l i fe t ime g i v e n  by 

German ( 1 9 7 4 ) ,  it was found t o  a g r e e  v e r y  w e l l .  A l s o ,  Wang and  

Huang ( 1 9 8 0 )  r epor t  a n  a c c u r a c y  of  b e t t e r  t h a n  f 4 % .  

They r e p o r t e d  f 0 0 = ( 1 . 0 9 + 0 . 0 4 ) x 1 0 - 3  w i t h o u t  

The so l a r  s p e c t r u m  u s e d  was measu red  d u r i n g  a s o u n d i n g  

r o c k e t  f l i g h t  on  May 1 5 ,  1974 [Kohl  e t  a l .  ( 1 9 7 8 ) l .  Data were 

t a k e n  above  100 km so t h e r e  was no s i g n i f i c a n t  a t m o s p h e r i c  

a t t e n u a t i o n .  S p e c t r a l  r e s o l u t i o n  w a s  0.0028 nm. The s y s t e m a t i c  

u n c e r t a i n t y  i n  t h e  a b s o l u t e  s p e c i f i c  i n t e n s i t i e s  is b e l i e v e d  t o  

b e  &12%. 

RESULTS AND CONCLUSIONS 

We have  c a l c u l a t e d  twe lve  g - f a c t o r s  which  are l i s t e d  i n  

T a b l e  1 a l o n g  w i t h  t h e i r  line p o s i t i o n s ,  and  t h e i r  b r a n c h e s .  

T h e s e  a r e  t h e  g - f a c t o r s  f o r  t h e  r o t a t i o n a l  l i n e s  u s e d  t o  i n f e r  

t h e  OH c o n c e n t r a t i o n  r e p o r t e d  i n  Torr e t  a l .  ( 1 9 8 7 ) .  The g- 

f a c t o r s  f o r  r o t a t i o n a l  l i n e s  r e p o r t e d  h e r e  have  an  e s t i m a t e d  

a c c u r a c y  of &20%. 
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TABLE 1 

EMISSION RATE FACTORS (g-FACTORS) 

# Wavelength ( A )  g-Factor Branch (J ’ ) 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

3084.053 
3083.380 
3083.280 
3081.668 
3081.626 
3081.548 
3080.238 
3080.012 

5.71 x lom6 
3.32 x 
9.76 x 
5.98 
1.13 10-5 
2.79 10-5 
1.00 10-5 
1.25 10-5 

9. 3079.957 3.16 x lo-’ 
10. 3078.476 4.58 10-5 
11. 3078 . 443 4.91 10-5 
12. 3077.035 7.10 x 
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